Fuzzy rules are used to model solute dispersion in a river dead zone, such that the turbulent diffusion is determined by a fuzzy inference system which relates the local mean velocity shear to the longitudinal velocity fluctuations. A finite-volume hybrid scheme is applied to a non-orthogonal grid for which a mean velocity field is produced using the computational fluid dynamics (CFD) package Telemac 2D. At each cell face fuzzy rules predict a fuzzy number, and these numbers reflect the possible magnitudes of turbulent velocity fluctuations. These are input to the finite-volume model using a single-value simulation method. Multiple model runs produce a fuzzy number for the solute concentration in each cell. The results of the fuzzy model are then compared with data collected in a field experiment with rhodamine dye in the River Severn.
INTRODUCTION
The transport and mixing of a solute as it travels downstream in a natural channel is affected to a large extent by the geometry of the river through which it travels. In particular, areas of slow-moving, recirculating or stagnant water in the regions near the banks, often known as 'dead zones', are thought to trap and retain tracer dyes, thus creating a long tail in the tracer curve further downstream.
Owing to the relatively slow movement of water in the dead zone, a shear zone is created between it and the main flow, and thus the dead zone will often act as a distinct cell which is separate from the main flow. Exchanges of momentum and transported scalar properties, such as heat and solute concentration, between these two regions occur at variable rates across the shear zone. It is therefore important that the exchanges that take place in these dead zone regions are well understood.
To gain further insights into the processes at work in the dead zone region, a numerical model has been developed. There are many computational fluid dynamics (CFD) packages available to model mass transport but in general these rely on the theory of Fickian turbulent diffusion, whereby a turbulent diffusion coefficient, analogous to molecular diffusion, is thought to exist (Taylor 1921) . The turbulent diffusion coefficient is notoriously hard to estimate for natural channels (Young & Wallis 1993) as in the conversion of a fully three-dimensional system to two dimensions, the velocity field was accepted as adequate.
The fluctuating velocity field is calculated using the transverse velocity shear in a set of fuzzy rules derived from flume data described in 
METHODS

Experimental equipment and procedures
Dead-zone site
The chosen reach is on the River Severn at Leighton, 
Velocity measurements
Velocity measurements were taken using an acoustic Doppler velocimeter (ADV) that measures instantaneous Velocity measurements were taken at the tracer sites at a depth which allowed submersion of the probe, and vertical velocity profiles were measured at intervals across the width of the main flow, upstream of the dead zone, using an Ott electromagnetic current meter array. These measurements were depth-averaged and used as input for the velocity field simulation in Telemac 2D.
Tracer measurements
The rhodamine tracer was released at a steady rate for 220 min into the main flow upstream of the dead zone.
Water samples were then taken from the river at six strategic sites (see Figure 1) . Ten minutes after release of the dye, discrete bottled samples were collected simultaneously at Sites 1-5. Thereafter, samples were collected at 15-min intervals. Site 6 was sampled every 2 s using an in situ fluorometer.
Samples were taken at approximately 0.5 m below the water surface, or at half the water depth in very shallow sites. The dye pump was switched off after 220 min, but the manual sampling continued until 345 min after the release, and the fluorometer continued to sample for a further 163 min, after which time the concentration levels in the dead zone had returned to the background level. However, for modelling purposes it is simpler to assume a steady flow. Therefore the flow is considered to be steady, such that the mean velocity is taken from the time series, and the root mean square of the deviations from this mean are represented in the fluctuating velocity u′. Figure 3 shows the probability distributions of the temporal fluctuations from the mean velocity. These are calculated by dividing the range between the minimum and maximum recorded velocities in each time series into ten equal intervals and summing up the number of values in each interval. However, these distributions are biased according to which section of the dominant time period the velocity data were collected in. To approach a non-skewed distribution, the data must be collected over a time period that is a multiple of the lowest-frequency periodic motion.
Velocity and turbulence characteristics
Sites with a smaller time period show symmetrical distributions, whereas the reattachment zone and the fluorometer site show negatively skewed distributions.
If only the means of the time series data are considered, the sites may be summarized as shown in Table 1 .
This table shows that the mean velocity varies by an order of magnitude over the shear zone. This is reasonable, since the dead-zone water is in the lee of the gravel bar and is hardly affected by the main flow expect by the diffusion of momentum across the shear zone and a gentle recirculation generated when the main flow hits the bank at the far end. At this point, the fast-moving water has spread out to both banks and has lost some of the high speed it reached at the constriction point at the start of the gravel bar.
Tracer results
Bottled samples were analysed in the laboratory with the 
Fuzzy sets and fuzzy rules
A fuzzy set is a set of objects in which each object has a membership function assigned to it that indicates the extent to which the object belongs to the set. An example of a fuzzy set is the set of 'fast velocities'. Since there is no definite boundary between 'fast' and 'not fast', each velocity reading belongs to the set to a different degree.
The membership function of fuzzy set A is denoted by m A , and is a mapping from the universal set, X, to the interval of real numbers from 0 to 1 inclusive. The closer that m A (X) is to 1 the more X belongs to A, and the closer it is to 0 the less it belongs to A. in this work the sum method is used, in which the final output is simply the sum of all fuzzy sets given by the rules.
Fuzzy rules for u′
The fuzzy rules used to predict the fluctuating field were derived from velocity data collected in a laboratory flume (see . From these data, a set of non-dimensional rules was developed relating the transverse velocity shear z∂U/∂yz/(U f /h) to the mean longitudinal velocity fluctuation u′/U f , where h is the mean water depth and U f is the mean channel velocity. The fuzzy inference system consists of one input (z∂U/∂yz/U f /h) and one output (u′/U f ), as shown in Figure 5 . Both have five membership functions and the system is described by the five rules:
in fuzzy set 1.
If z¤U/∂yz/(U f /h) is in fuzzy set 2, then (u′/U f ) is
in fuzzy set 2.
. . . and so on.
The membership functions for the fuzzy sets used in these rules are shown in Figure 6 . These are derived from the probability distributions of the flume velocity data described by . The output fuzzy sets from each rule are aggregated using the sum method as described above. There is no need for the final fuzzy set to be defuzzified to a single crisp number as the model takes advantage of the fact that u′ may occur over a range of values for a given velocity shear. i, for i = e,w,n,s. This is the general equation for the numerical scheme, which is automatically cast in a fully conservative manner because of the finite-volume formulation.
Hybrid finite-volume scheme
The values of f at the cell faces in Equation (1) are calculated according to the hybrid scheme (Spalding 1972) .
This scheme uses a combination of the up-wind and central differencing schemes, such that it exploits the transportiveness of the up-wind scheme and the increased accuracy of central differencing. If the central-difference scheme is used to find the values of f at the cell faces, then the discretization scheme is only stable and accurate if the ratio of advection to diffusion is less than two. In the work presented here, this non-dimensional value is given by zU/u′z, and is equivalent to the Peclet number used in traditional finite-volume schemes, which is defined as Pe = zU∆x/e t z where ∆x is the cell length and e t is the turbulent diffusion coefficient. Therefore, the hybrid scheme utilizes the central difference scheme to calculate f at the cell face if zPe T z < 2 at that face (where Pe T = U/u′), otherwise the up-wind scheme is employed.
For example, if the east cell face has zPe T z < 2, the hybrid scheme uses a central-difference approximation to estimate f at the east cell face, so that f e = linear interpolation between f P and f E However, if the east cell face has zPe T z≥2, then the up-wind scheme is used, so that
This is easily applied in two dimensions by treating each cell boundary in the way described above. Once the values of f at the cell faces have been found in terms of the cell centre values of f, Equation (1) is rearranged in the
with
where the coefficients a E , a w , a N , a S and a P depend upon the magnitude of the Peclet number at faces e, w, n and s, and the source term is a function of the dependent variable, such that the source over the cell volume is given by (S u + S p f P ). The source term is defined in this way so that it is possible to set the variable f at node P to a value f fix by assigning S p a very large arbitrary value Z and setting S u to Zf fix . The value of Z must be large enough to render the other terms on the right-hand side of Equation (2) negligible, so that f P = f fix (Versteeg & Malalasekera 1995) .
Velocity fluctuations
The mean velocity field produced by Telemac 2D is used to calculate the transverse velocity shear, which is the input to the fuzzy rule system. The rules then produce a fuzzy number for u′. A single value for u′ is generated based on the single-value simulation method of fuzzy variables (Dou et al. 1997) , termed the fuzzy-numerical simulation method by Chanas & Nowakowski (1988) . This is done by randomly generating a value t of the membership function on the interval [0, 1] . This is the membership value at which the fuzzy set for u′ is bounded below so that a new fuzzy set (known as the t-level set) is created in which each member, u ′ t , has a membership value greater than t. A value from the t-level set is then randomly chosen to be the single value for u′. The fuzzy number for v′ is then found from a fuzzy regression relationship (Bardossy et al. 1990) given 
The actual value of the number 10 30 is arbitrary, as it just has to be very large compared with the coefficients a i .
Thus, if the a i values are negligible in Equation (4), then Once the coefficient for each node in the domain has been calculated, a large system of linear equations in the form of Equation (2) is obtained. Since there is an equation for each node, solving these equations simultaneously yields the value of f at each node. These discretized equations are solved using the iterative tri-diagonal matrix algorithm (TDMA) developed by Thomas (1949) . It is applied here in an iterative fashion, as described in Versteeg & Malalasekera (1995) . 
RESULTS AND DISCUSSION
